Marked heterogeneity in the clinical presentation of Staphylococcus aureus bacteremia (SaB) suggests case-by-case variation in the host-pathogen relationship, with diverse inflammatory responses and cytokine signaling playing a significant role. Staphylococcus aureus virulence is multifactorial, dependent on numerous toxins, adhesins, and immune evasive determinants [1] [2] [3] [4] [5] [6] [7] . With regard to methicillin-resistant S. aureus (MRSA), hospital-associated strains correlate with higher risk of treatment failure, suggesting intrinsic strain-specific virulence properties [8, 9] . The relative contributions of host genetics and S. aureus virulence factors to the inflammatory/anti-inflammatory balance are poorly understood, especially related to therapeutic outcome.
Despite available treatment options for methicillin-susceptible S. aureus (MSSA) and MRSA bacteremia, the morbidity and mortality attributed to this disease remain high.
In a recent preliminary study, we showed that elevated interleukin (IL) 10 serum concentrations collected upon hospital presentation of SaB (>7.8 pg/mL) identified all patients who died whereas there were no deaths in patients with IL-10 concentrations ≤7.8 pg/mL [10] . In the multivariate analysis, elevated IL-10 along with known risk factors of older age and duration of bacteremia were independent predictors of mortality. Another group corroborated the role of IL-10 in patient outcomes by identifying an elevated IL-10/tumor necrosis factor alpha (TNF-α) ratio up to 72 hours after presentation as a predictor of persistence and mortality [11] .
IL-10 is a cytokine with important anti-inflammatory properties that regulates the immune response to pathogens. The innate immune response stimulates IL-10 production through Toll-like receptors (TLRs) 1, 2, 4, 6, and 9 [12] [13] [14] . IL-10 production by naive T cells is higher with increasing doses of antigen [15] . Recent evidence in animal models has increasingly recognized the role of cell wall peptidoglycan on host response immune dysregulation via TLR-2-mediated IL-10 induction [16, 17] . The objectives of this study were to validate IL-10 as a biomarker for patient mortality risk and to identify the association between the level of bacteremia (a reflection of bacterial burden and peptidoglycan quantity) and IL-10 production in patients with SaB.
MATERIALS AND METHODS

Patient and Isolate Identification and Collection
Consecutive patients with blood cultures growing MSSA or MRSA were prospectively identified from July 2010 through August 2012 at the University of Wisconsin Hospital (a 493-bed academic medical center in Madison) for this study. Patients were included if at least 2 positive blood cultures were identified, or 1 positive culture was congruent with a clinical diagnosis of SaB. The institutional review board approved the study.
Medical records were reviewed to collect age; sex; comorbid conditions; white blood cell count; Pitt bacteremia score as a validated marker of disease severity using temperature, blood pressure, mechanical ventilation, cardiac arrest, and mental status scoring system variables [18] ; culture and sensitivity; duration and source of bacteremia; hospital length of stay; and in-hospital mortality. The bacteremia source was classified into 3 groups based on confirmed or suspected foci: (1) noncatheter primary endovascular, encompassing endocarditis (based on Duke criteria: either 2 major criteria or 1 major plus 3 minor criteria) and unknown or presumed endovascular sources; (2) secondary to another primary nonendovascular focus of infection (eg, lung, soft tissue, bone/joint); or (3) catheter source. Patient serum samples were obtained on the same day of initial presentation of SaB, before antibiotic therapy initiation and often within 1 hour of blood culture. The samples were stored at -80°C (typically within 48 hours of collection) until analysis.
In-hospital mortality was the primary clinical outcome. Additional clinical variables collected during the course of bacteremia included (1) the duration of bacteremia categorized as prolonged (>4 days' duration) vs short (≤4 days' duration) based on the previously identified optimal breakpoint for the impact of duration on patient mortality [10, 19] and (2) duration of hospitalization. Total duration of bacteremia included cases of persistent bacteremia (consecutive days of positive blood cultures) and in-hospital microbiologic relapse defined as recurrence of a positive blood culture after the first negative culture while receiving appropriate antibiotic. All subjects were followed prospectively and all clinical information was collected prior to cytokine measurements.
Analysis of IL-10 Concentrations in Patients at Clinical Presentation of Staphylococcus aureus Bacteremia
Patient IL-10 concentrations at presentation of bacteremia were measured using a validated electrochemiluminescence-based multiplex immunoassay on an MSD technology platform (Meso Scale Discovery, Gaithersburg, Maryland) [20] . In addition, the inflammatory cytokines TNF-α and interleukin 1β (IL-1β) were measured in patient sera with this platform. Cytokine concentrations were determined using standard curves. Internal positive and negative controls were used to assess for interday and intraday assay variability. The MSD multispot assay system is currently available for investigational use only and not for use in diagnostic procedures.
Quantification of Bacterial Burden in the Blood of Patients With
Staphylococcus aureus Bacteremia
Bacterial density in patient sera was performed using a magnetic particle assay using magnetic nanoparticles capable of binding the bacterial membrane via a dibenzocyclooctyne-activated coated surface with azide-derivatized vancomycin (Supplementary Data). The samples analyzed using this assay represent a convenience sample of patients with elevated and low IL-10 due to limited samples and reagent available for testing. The range of IL-10 concentrations in healthy volunteers is 0-20 pg/mL with the MSD assay according to the manufacturer, so 20 pg/mL was used to stratify patients into high and low IL-10 groups. Plasma from heparinized patient blood collected at the day of SaB presentation and stored at -80°C. One milliliter of patient plasma was aliquoted into a low protein-binding microcentrifuge tube. Functionalized magnetic particles were added to each sample. The microcentrifuge tube with the plasma/particle mixture was placed on a rotary shaker for 90-100 minutes at room temperature to allow the particles to adhere to bacteria.
Tubes were placed on a neodymium magnet for 15 minutes to allow nanoparticles with bacteria to coalesce at the bottom of each tube. The magnet was then gently moved to force the pellet to the side of the tube while the plasma was removed, leaving the remaining particles/bacteria in the tube. The particles were washed twice in 1 mL phosphate-buffered saline with 0.1% Tween 20 (PBST) and then resuspended to a final volume of 0.1 mL PBST. The final volume was plated on Mueller Hinton II agar and incubated at 35°C for 18-24 hours. Bacterial colonies were quantified and burden expressed as colony-forming units per milliliter (CFU/mL). Healthy volunteer sera spiked with S. aureus ATCC 29213 were used as a positive control, whereas no bacteria were used for the negative control.
Ex Vivo Whole-Blood Assay to Evaluate Staphylococcus aureus Inoculum Effect on IL-10 Concentrations
Staphylococcus aureus isolates collected at presentation from patients in the 2 previously described IL-10 groups (elevated IL-10 and low IL-10; n = 8 for each group) were selected. Whole blood was collected from 5 healthy volunteers using heparinized serum separator tubes and pooled together in 50-mL conical tubes. Staphylococcus aureus from the elevated and low IL-10 producer groups were standardized to a 0.5 McFarland turbidity standard, heat-killed at 60°C for 1 hour, and serially diluted to introduce into 2-mL aliquots of healthy volunteer whole blood ex vivo at low (10 3 CFU/mL) and high (10 8 CFU/ mL) inocula. IL-10 concentrations in blood were measured prior to bacteria exposure and after 4 hours of incubation at 35°C using a high sensitivity IL-10 enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, Minnesota) with a range of 0.78-7.8 pg/mL in healthy volunteers. Heat-killed bacteria were used to study the inoculum impact to limit the potential confounding effects of variable S. aureus virulence expression on host cytokine production. The experiment was performed in duplicate for each isolate, and the IL-10 concentration from each replicate was evaluated in triplicate. Whole blood without the addition of S. aureus was used as a negative control.
Statistical Analysis
The primary clinical outcome for comparison was in-hospital mortality. Statistical analysis of continuous data was performed using with an unpaired t test or nonparametric Mann-Whitney U test if the markers did not meet criteria for Gaussian distribution and Fisher exact or χ 2 test for categorical data where appropriate. Bacterial burden between high and low IL-10 groups as well as the ex vivo model results were compared by t test. Multivariate logistic regression analysis was conducted to evaluate the association between IL-10, collected patient variables, and mortality using previously described model criteria (see Supplementary Data) [10] . All statistical tests were 2-tailed, and P value of <.05 was considered significant. Statistical analyses were performed using STATA software version 14.1 (StataCorp LP, College Station, Texas) and Prism 6 (GraphPad, Inc, La Jolla, California).
RESULTS
During the 26-month study period, 135 consecutive patients presented with SaB and serum and bacterial strains were collected from 133 patients for inclusion in this study. Ninety-six patients (72%) were classified as community-onset defined by culture ≤48 hours after admission [21] . The comparison of characteristics between patients who survived vs died while in the hospital is presented in Table 1 . Overall in-hospital mortality was 20.3% (27 of 133 patients); the most common source of bacteremia was from secondary sources (mostly pneumonia, skin and skin structure, and bone/joint) followed by primary endovascular source and catheter-related sources. MRSA accounted for 35.3% of cases, consistent with our prior study, with 44% MRSA in patients who died vs 32% MRSA who survived (P = .228). Duration of bacteremia was variable, with a mean and median duration of 13.5 days and 3 days in all patients, respectively. Higher Pitt bacteremia score at presentation, primary endovascular source of bacteremia, and persistent bacteremia (>4 days' duration) were significantly associated with in-hospital mortality.
Association of Cytokine Concentrations at Initial SaB Presentation With Patient Mortality
In a previous study, we identified elevated IL-10 at clinical presentation as an independent predictor of mortality. Due to the small sample of that study, we aimed to validate this in a larger patient group. At the time of presentation (day 1), the mean IL-10 concentration for those patients who died during hospitalization was 115.9 pg/mL compared with 32.0 pg/mL for patients who were alive at discharge. The median IL-10 concentration in mortality was 36.0 pg/mL vs 10.4 pg/mL survival (Mann-Whitney U test, P < .001; Figure 1A ). The inflammatory cytokine concentrations of TNF-α and IL-1β were also elevated in patients who died, although this was only significantly different from survivors for TNF-α (median, 27.3 pg/mL vs 14.4 pg/mL, respectively; Figure 1B) . In comparing the anti-inflammatory to inflammatory cytokine ratios between death and survival, both the IL-10:TNF-α and IL-10:IL-1β ratios were significantly higher for patients who died ( Figure 1D and 1E). Of the cytokines and ratios analyzed, the median difference between death and survival was greatest for IL-10 (25.6 pg/mL).
Increased Serum IL-10 Concentration Is Associated With a Higher Intravascular Inoculum
IL-10 concentrations according to source of SaB are presented in Figure 2 . We hypothesized that higher intravascular peptidoglycan concentrations corresponding to a higher S. aureus intravascular inoculum may be, in part, responsible for stimulating IL-10 production. Traditionally, it has been difficult to quantify S. aureus in the blood of patients with bacteremia due to low sensitivity of traditional culture methods, and lack of precision for time to positivity for detection in blood culture bottles. Tables 2 and 3 In comparison, patients with low IL-10 serum concentrations had a median bacterial concentration in blood of 0.5 CFU/mL (IQR, 0.0-15.5; P = .044). Interestingly, 87.5% (7/8) of patients in the elevated IL-10 group had quantifiable S. aureus directly in blood, compared with only 50% (4/8) of patients in the low IL-10 group, but this was not statistically significant (P = .282).
The sources of bacteremia in the high and low IL-10 groups displayed clear differences. Tables 2 and 3 present the bacteremia source, mortality outcome, and bacterial burden in these 2 groups. In this subset, 7 of 8 patients with elevated IL-10 concentrations died, while all patients with low IL-10 survived (P = .001). All patients with an endovascular source had quantifiable bacteria up to 510 CFU/mL in the bloodstream at presentation. Of the 7 patients with an endovascular source, 6 had elevated IL-10 serum concentrations. A correlation analysis of IL-10 concentrations and bacterial burden in patients with an endovascular source (n = 7) found a significant correlation between these variables (R 2 = 0.648, P = .029). Interestingly, the only patient with an endovascular source and low IL-10 concentration had a bacterial burden of 2 CFU/mL in the bloodstream, the lowest among this group. Patients with no quantifiable S. aureus in the bloodstream typically had primary nonendovascular infection sources, such as skin and soft tissue, catheter, or urinary tract.
Staphylococcus aureus Inoculum Effect on IL-10 Production Ex Vivo
Based upon the above results, it was unclear if high endovascular bacterial inoculum triggered a high IL-10 response or whether the immunosuppressive effects of high IL-10 production allowed a high level of bacteremia to develop in the patient. To determine whether higher bacterial load triggers a higher IL-10 response in blood, an ex vivo cell culture model was performed using isolates from the patients. Bacteria isolated from the 4 patients presenting with the highest measured IL-10 concentration (study numbers 1, 3, 6, 8) and from the 4 patients presenting with the lowest measured IL-10 concentration (study numbers 10, 13, 14, 16) were selected to evaluate the effect of bacterial inoculum on IL-10 production. Staphylococcus aureus concentrations of 10 3 and 10 8 were used to represent low and high inocula, respectively. Overall, this assay provoked lower IL-10 concentrations in whole blood compared to those observed in patients. Among the isolates from the high IL-10 patient group, high-inoculum exposure ex vivo resulted in IL-10 concentrations of 8.1 ± 4.4 pg/mL compared to 0.9 ± 0.7 pg/mL with low inoculum exposure (P = .018). A mild increase in IL-10 production was noted at high inoculum using isolates from patients with low IL-10 concentrations, but this was not significant.
DISCUSSION
The rapid emergence of antimicrobial resistance has highlighted an urgent need for novel approaches and treatment paradigms for invasive bacterial infections. This high mortality rate of S. aureus persists despite a variety of treatments for SaB. Recent evidence suggests that antibiotic selection may not entirely explain the poor treatment outcomes associated with SaB and points toward a poorly understood pathogen immune-evasion phenotype [22, 23] . Precision medicine, recognized as an important area of investigation to improve treatment strategies for complex diseases, has shown recent success in laying foundations for shortening duration of antimicrobial therapy utilizing biomarkers such as procalcitonin [24] . However, for invasive S. aureus infections, there remains a significant gap in the identification of relevant biomarkers to improve antimicrobial utilization and individualize patient response. Most clinicians continue to rely on "cookie-cutter" antimicrobial regimens to treat SaB, frequently 1 drug, with more aggressive options reserved only for clinical and microbiological failure, often with dire consequences both in terms of adverse patient outcomes and progression to greater antimicrobial resistance [19] . We have previously identified 2 innate immunity biomarkers that correlate to patient outcomes in SaB: (1) elevated IL-10, which is independently associated with patient mortality and (2) IL-1β, which is reduced in patients with prolonged bacteremia [10] . In this current study, we expanded upon the IL-10 association, which validates its association with mortality and provides additional evidence that the quantity of intravascular S. aureus bacteria is related to elevated IL-10 in patients. We show that a higher inoculum of bacteria in healthy donor blood ex vivo resulted in higher IL-10 induction, particularly using isolates obtained from patients with elevated IL-10 concentrations in vivo. These studies establish that high bacterial numbers drive increased IL-10 production, rather than the immunomodulatory effects of increased IL-10 driving bacterial proliferation. One limitation of our study is that we did not evaluate the effect of inoculum or peptidoglycan stimulation in an animal model of bacteremia or infective endocarditis; however, other studies have explored this relationship and support this hypothesis [16] . In addition, we limited testing the inoculum in patients, both with the functionalized particle and ex vivo assays, in those with very high and low IL-10 concentrations to determine this correlation with available sample and assay. As such this included 7 of the 9 fatal cases with the highest IL-10 values and none of the 10 fatal cases with the lowest IL-10 values. Although the samples from the patients in this study were collected prior to antibiotic therapy on the day of SaB identification, prior antibiotic therapy could confound the results of this assay. Further studies are needed to identify the inoculum effect in patients with a range of IL-10 concentrations. Our data show variable anti-inflammatory response at patient presentation, with IL-10 serum concentration being approximately 4-fold higher in patients who ultimately died.
This current study confirms IL-10 at patient presentation as an independent predictor of SaB mortality (see Supplementary Data). The consistency of the IL-10 biomarker finding for mortality in our 2 separate studies now totaling almost 200 SaB patients, as well as the recent study by investigators at a separate institution [11] , demonstrates that the inflammatory/anti-inflammatory response balance is of great clinical importance to patient outcome. More broadly, other studies have shown elevated IL-10 paralleling sepsis scores [25] and community-acquired pneumonia severity [26] . Although the inflammatory/ anti-inflammatory cascade in humans is highly complex, a recent study by Minejima and colleagues identified IL-10 as an important marker for SaB outcomes among multiple cytokines tested including IL-8, IL-6, and IL-17A [11] . Collectively, these studies along with this current work point toward a potential role for IL-10 in the identification of patients at highest mortality risk, for targeting use of more aggressive therapeutic interventions.
Understanding the mechanisms involved in dysregulated inflammatory/anti-inflammatory response, particularly elevated IL-10, is critical to begin to understand its potential clinical utility in patient care. Circulating bacterial peptidoglycan is an important factor in increasing IL-10 concentrations and leads to an imbalance in the cytokine and complement cascades [16, 27] . An association between reduced S. aureus susceptibility to vancomycin, a primary antibiotic therapy that targets peptidoglycan synthesis, and attenuated host inflammatory response underscores the potential clinical consequences of altered immunologic function [28] . All these studies were done in animal or in vitro cell culture models rather than human patient data. As with our previous study, more patients with an endovascular source died compared with those patients with a secondary or catheter source. Endovascular infections are associated with high burdens at the vegetation source providing direct access to the bloodstream [29] .
The embedded components of peptidoglycan including teichoic acid, lipoprotein, and lipoteichoic acid are recognized by TLR-2 and induce an IL-10 response from antigen-presenting cells [30] . Our findings are unique in that we have identified an immune biomarker that correlates to S. aureus bacterial numbers. As natural hosts, humans are much more susceptible to complications induced by SaB, perhaps because they are already primed by frequent interactions with the organism [31] . The highest bacterial burden in blood that was detected in this study was only 2.7 log 10 CFU/mL, which is almost 4 orders of magnitude lower than typical challenge inoculum required to establish infection in animal models. The analysis of bacterial inocula in blood was limited in sample size due to availability of the novel functionalized particle assay, and therefore further studies of this effect are necessary for determining a more granular relationship. The immune dysregulation could be multifactorial but likely is a combination of dysregulated host recognition as well immune evasion characteristics that are increasingly recognized in S. aureus [31] [32] [33] [34] . Further evidence for immune dysregulation comes from a staphylococcal vaccine trial that implicated immune dysregulation in the deaths of vaccine recipients who developed invasive S. aureus infections [35] . This suggests that host factor determinants may also play an important role in the human innate immune response, including IL-10, during SaB, and warrants further study to identify these key factors and impact of the inflammatory/ anti-inflammatory cytokine balance.
A potential biomarker for stratifying high-risk patients with SaB will have important implications on patient management and antibiotic stewardship. It has been widely recognized that a delay in optimal therapy for complex infections leads to suboptimal outcomes [36, 37] . Increasingly, institutions are managing MRSA bacteremia with new antibiotics or β-lactams in combination with standard therapies. The results of our study indicate that higher intravascular bacterial inoculum may be responsible for elevated IL-10 concentrations, resulting in a predominantly anti-inflammatory response and increased mortality. Therefore, using highly bactericidal antibiotic therapy to reduce organism burden may be important in normalization of the anti-inflammatory response. However, some patients may do just as well clinically with conventional monotherapy. It will be important to identify the impact of duration of SaB symptoms on IL-10 productions after initial presentation. Based upon the emerging literature associating IL-10 with mortality, future studies evaluating antibiotic effectiveness for SaB should consider this biomarker to stratify patients at risk for clinical failure who may require more aggressive and pharmacodynamically potent therapeutic interventions that take advantage of both drug-drug synergy, as well as enhancement of innate immune-mediated bacterial clearance. These early, aggressive approaches include high-dose therapies, novel synergistic combinations such as vancomycin or daptomycin combined with a β-lactam [38] [39] [40] , and/or earlier surgical management for improved infection control measures.
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